Correlation between amino acid composition and nucleotide composition is examined. Class III POU transcription factors having higher third GC contents showed higher contents of alanine, glycine, and proline residues encoded by GC-rich nucleotides, and vice versa. This correlation was observed even among various types of transcription factors from vertebrates and invertebrates regardless of functional and structural constraints inherent to each protein. Furthermore, reptile class III POU sequences revealed no evolutionary directionality increasing the GC contents from cold-to warm-blooded vertebrates.
Introduction
Proteins have unique amino acid sequences that are specified by their corresponding nucleotide sequences. Since there are 20 amino acids and their corresponding 61 codons, many amino acids are encoded by two or more codons. Such degeneracy of the genetic code permits nucleotide sequences to vary without altering amino acid sequences. As a significant portion of the nucleotide changes at the third codon position are synonymous (silent), the third codon position is considered to directly reflect the degree of nucleotide compositional constraints onto DNAs harboring the sequences.
We have recently discovered a significant correlation between the GC content at the third codon position (the third GC content) and the homopolymeric amino acid repeat ratio of the mammalian class III POU transcription factor genes (Sumiyama et al. 1996) : the mammalian Brain-l, Brain-2, and Scip genes have homopolymeric amino acid repeats (sequences without interruptions in the run of a single amino acid residue) including alanine, glycine, and proline, whereas most or all of these repeats are absent from their homologs in nonmammals (amphibians and fish). These characteristic amino acid repeats are well conserved in both position and repeat number among mammals. In contrast, the mammalian Brain-4 gene, like its nonmammalian homolog, has no homopolymeric amino acid repeats. The mammalian Brain-l, Brain-2, and Scip genes containing the homopolymeric amino acid repeats have a higher third GC content. In contrast, the respective nonmammalian homologs lacking the homopolymeric amino acid repeats have a lower third GC content. However, the mammalian Brain-4 gene, like its nonmammalian homolog, has a lower third GC content. There was a clear positive correlation between the homopolymeric amino acid repeat ratio and the third GC content. The amino acids of these characteristic homopolymeric repeats were encoded mainly by codons with a relatively high GC content. These findings indicate that nucleotide compositional constraints increasing the GC contents (GC pressure) have facilitated the generation of homopolymeric amino acid repeats in mammalian class III POU transcription factors. To understand how protein sequences have evolved by compositional constraints on genomes, we first determine the class III POU gene structures in reptiles. We then examine correlation between the amino acid composition of proteins and the third GC content using not only the vertebrate class III POU genes, but also various transcription factors from vertebrates and invertebrates.
Materials and Methods
Reptile Class III POU Genes Recombinant phage clones containing the reptile class III POU genes were isolated from the green anole (Anolis carolinensis) genomic library using the POU domain of the chicken Brain-l gene as a probe. As washing condition in hybridization was lowly stringent (four times for 30 min each in 0.15 M sodium chloride and 0.015 M sodium citrate at 55"C), these clones were identified by hybridization using DNA fragments upstream of the POU domain as probes and partially determining their nucleotide sequences. Nucleotide sequences of the class III POU genes were determined by the dideoxynucleotide chain termination method on both strands. The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GenBank international nucleotide sequence database with the accession numbers AB001868-ABO01870. 
Results and Discussion
Genomes of warm-blooded vertebrates are reported to be mosaics of very long (more than 200 kb) DNA segments called isochores, whereas those of cold-blooded vertebrates are compositionally uniform; there is a wide variation in the GC content among genes of warmblooded vertebrates, but cold-blooded vertebrate genes show the relatively lower GC content within a narrow range. Bernardi proposed that directional nucleotide substitutions have occurred during evolution from coldto warm-blooded vertebrates (Bernardi et al. 1985 ; Ber- Kadi et al. 1993; Bernardi 1995) . A mammalian genome is constituted by a mosaic of very long DNAs with different GC contents, in each of which the GC content is fairly homogeneous (Ikemura and Aota 1988). We have recently discovered a significant correlation between the third GC content and the homopolymeric amino acid repeat ratio of the vertebrate class III POU genes (Sumiyama et al. 1996) . The class III POU genes from Xenopus and zebrafish with few homopolymeric amino acid repeats had low third GC contents, whereas those from mammals (human, mouse, and rat) showed two phases opposite to each other: genes containing several homopolymeric amino acid repeats such as Brain-l, Brain-2, and Scip showed higher third GC contents, while those containing very few homopolymeric amino acid repeats such as Brain-4 showed lower third GC contents. Therefore, genes of reptiles belonging to cold-blooded vertebrates are expected to have no or few homopolymeric amino acid repeats like amphibians and fish. We obtained complete nucleotide sequences of the reptile Brain-l, Brain-2, and Brain-4 genes. Contrary to our expectation, all of the reptile class III POU genes had homopolymeric amino acid repeats (see fig. 1 ).
The reptile Brain-l gene had a number of homopolymeric amino acid repeats nearly equal to that of the mammalian Brain-l gene ( fig. 2A ), but the taxon-specific homopolymeric amino acid repeats were found in addition to the common repeats between mammals and reptiles. Mammalian-specific repeats were alanine-re- there was a wide variation in repeat number of the homopolymeric amino acid repeats common to mammals and reptiles, although all of the amino acid repeats were well conserved among mammals not only in position but also in repeat number. In the Brain-2 gene, the situation was the same as that in the Brain-l gene. In addition to taxon-specific repeats, there were common repeats including glycine repeats in positions 69-92 and glutamine repeats in positions 139-16 1 between mammals and reptiles, but a wide variation in repeat number was observed as in the Brain-l gene ( fig. 2B) . Surprisingly, the reptile Brain-4 gene also had homopolymeric amino acid repeats, glycine repeats in positions 366-370 ( fig. 2C ), different from both the mammalian and amphibian homologs with no characteristic amino acid repeats.
Present data on the reptile class III POU genes were consistent with our previous conclusion (Sumiyama et al. 1996) : genes having homopolymeric amino acid repeats showed higher third GC contents. The reptile Brain-4, however, did not show a good fit to the plot between the homopolymeric amino acid ratio and the third GC content (see fig. 3A ). Moreover, it had another remarkable feature: less amino acid sequence similarity to the mammalian homologs than to that of the amphibian homolog, although mammals are more closely related to reptiles than to amphibians.
The phylogenetic tree using the well-conserved POU domain sequence showed the cluster of the mammalian and reptile Brain-4 genes, excluding the possibility that the reptile Brain-4 obtained here was not a homolog to the mammalian and amphibian Brain-4 (data not shown).
Through overall comparison with the other vertebrate homologs, we noticed extraordinary contents of alanine (A), glycine (G), and proline (P) residues in the reptile Brain-4. The codons for these amino acids are GC-rich (GCN, GGN, and CCN, respectively) .
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Green anole versely, the number of arginine residues, the remaining amino acid encoded by GC-rich codons, did not vary among the vertebrate Brain-4 genes (14 residues for all the vertebrate Brain-4 genes). The Brain-2 gene also showed no variation in number of arginine residues (16 for all the vertebrates). We found some variations in arginine number in both Brain-l and Scip genes, but their difference is only one residue (14 and 15 for human/mouse/green anole and zebrafish Brain-1, respectively, and 15 and 16 for human/mouse/rat/Xenopus and zebrafish Scip, respectively). We thus used the total content of A, G, and P residues (AGP content) to investigate a correlation between the third GC content and the amino acid composition among the vertebrate class III POU genes. As the third GC content of the entire region is shown to be nearly equal to that of the POU domain with no homopolymeric amino acid repeats (Sumiyama et al. 1996) , we used the third GC content of the entire region so as to make comparisons among a wide variety of transcription factors possible, as mentioned below. We found a significant correlation between the third GC and AGP contents (correlation coefficient was 0.82), as shown in figure 3B .
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Phylogenetic analysis indicates that Brain-1, Brain-2, Brain-4, and Scip genes already existed in the common ancestor of vertebrates (Sumiyama et al. 1996) . These genes are not tandemly located on the same chromosome, at least in mammals; the mammalian Brain-4 gene is located on the evolutionarily well-conserved X chromosome, while the other class III POU genes are on autosomes (Avraham et al. 1993; Xia et al. 1993; Atanasoski et al. 1995; de Kok et al. 1995) . The present data thus suggest that (1) the ancestral class III POU gene possesses no enrichment of A, G, or P residues, (2) enrichment of AGP residues including generation of the homopolymeric amino acid repeats occurred independently both in particular lineages and in particular class III POU genes (AGP enrichment in the Brain-l and Brain-2 genes occurred both in the common ancestor of amniotes and independently in each lineage of amniotes, whereas that in the Brain-4 gene occurred only in reptiles). Moreover, we conclude that the hypothesis based on evolutionary directionality increasing the GC contents from cold-to warm-blooded vertebrates is incorrectly drawn due to sparse sequence data on cold-blooded vertebrates except for amphibians. In fact, there are only five reptile genes used in figure 3 of Bernardi and Bernardi (199 l) , and the GC contents of those appear to be nearly equal to those of the mammalian homologs.
A similar situation holds for other transcription factors of vertebrates: a wide variation of AGP content and a nearly equal arginine content. We found a clear tendency for the AGP content to increase relative to the third GC content in each transcription factor (data not shown). We thus plotted the AGP content against the respective third GC content for all the vertebrate transcription factors studied ( fig. 4A ). To our surprise, there was a clear positive correlation (correlation coefficieni was 0.72) regardless of functional and structural constraints inherent in each protein. We also analyzed data from both vertebrates and invertebrates ( fig. 4B ) and again found a positive correlation (correlation coefficient was 0.71). No arginine-rich region was found in any of the transcription factors examined. This observation is compatible with the frequency distribution ot homopolymeric amino acid repeats of proteins in general (Green and Wang 1994) .
Present results provide a general picture for protein structure and its evolution: amino acid compositions are under profound influence of nucleotide compositional constraints on genome DNAs harboring coding sequenc- Homopolymeric amino acid repeats are defined as sequences consisting of more than four consecutive identical amino acid residues without interruptions.
es. As a result, the ratio of A, G, and P residues linearly correlates with the degree of nucleotide compositional constraints increasing the GC contents, and changes in nucleotide compositional constraints have caused concomitant alterations in amino acid compositions through evolution.
A-, G-, and P-rich sequences are identified as transcriptional activation domains of transcription factors (Mermod et al. 1989; Mitchell and Tjian 1989; Licht et al. 1990; Tanaka, Clouston, and Herr 1994; Catron et al. 1995) . In fact, a transcription factor artificially fused with homopolymeric proline repeats significantly modulates its transcriptional activation (Gerber et al. 1994 ). We therefore suggest that enrichment of A, G, and P residues in transcription factors caused by GC pressure should have a profound influence on diversification of factors caused by nucleotide compositional constraints will be the subject of forthcoming studies. -Proposed hypothesis on molecular mechanisms for diversification at the organismal level caused by genomic evolution. Note that this hypothesis is applicable not only to species diversification caused by functional differentiation among orthologous genes, but also to functional differentiation among paralogous (duplicated) genes.
